Introduction
The development of highly active oxygen reduction electrocatalysts with enhanced durability is currently the main research topic in the hydrogen polymer electrolyte membrane fuel cell (PEMFC). Therefore, a lot of different Pt alloy catalyst concepts, such as Pt monolayer catalysts (1, 2), Pt skin catalysts (3, 4) and dealloyed Pt bimetallic nanoparticle catalysts (5-9) have been intensely designed over the last decade. All these catalyst concepts show an increased activity for oxygen reduction compared to pure Pt nanoparticle catalyst and are associated with the drop of the Pt amount in the catalyst.
In particular, dealloyed Pt-M alloy core -shell nanoparticles, obtained by electrochemical leaching of less noble metal from the particle surface, exhibit promising ORR activities (6) .
In this study, we present the synthesis and structural relation of dealloyed PtNi 3 nanoparticle electrocatalyst compared with pure Pt. We have demonstrated the long-term durability of the dealloyed active PtNi 3 catalyst in typical and corrosive operating fuel cell conditions.
Experimental Part

Synthesis of PtNi 3 Alloy Nanoparticle Electrocatalyst
Carbon (Vulcan XC 72R) supported PtNi 3 alloy nanoparticle catalyst with a Pt loading of 32.9 wt. % was prepared via wet impregnation, freeze-drying method and followed by annealing in a reductive atmosphere (8, 9) . A commercial 46.7 wt. % Pt/Vulcan XC 72R catalyst (TEC10V50E, Lot#106-2731, TKK) was impregnated with a Ni precursor solution (Ni(NO 3 ) 2 · 6 H 2 O, AlfaAesar, #010816). The used metal contents corresponded to the formation of Pt-Ni alloy with an atomic ratio of 1:3 by a complete conversion. The suspension was sonificated and then frozen in liquid N 2 for the freeze-drying process. After freeze-drying, the dried powder was annealed in a tube furnace by 800 °C for 7 hours in a reductive atmosphere (4 Vol.% H 2 , 96 Vol.% Ar, quality 5.0, AirLiquide). Before the maximum temperature was achieved, the Pt-Ni precursor powder had been thermally pretreated at 250 °C for 2 hours to decompose the precursor anions. All chemicals were used as received without further purification.
Electrochemical Characterization Using Thin-Film Rotating Disk Electrode (RDE)
The electrochemical characterization of the PtNi 3 catalyst was conducted using the rotating disk electrode (RDE) technique. The experiments were performed in a custom-made three compartment electrochemical glass cell with the following electrodes: Pt mesh as counter electrode, a mercury-mercury sulfate electrode as reference electrode and a commercial fixed glassy carbon (GC) electrode with a diameter of 5 mm (PINE Instruments) as working electrode. A potentiostat (VSP-5, BioLogic) and a PINE rotator were applied for the RDE experiments. All experiments were performed in 0.1 M HClO 4 solution as electrolyte at room temperature. To prepare the thin catalytic film on the GC electrode surface, about 5 mg of catalyst powder was suspended with 3.98 ml of ultrapure water, 1 ml of iso-propanol and 20 µl of Nafion solution (5 wt.%). After sonification, 10 µl of the catalyst suspension was pipetted onto the previously polished and cleaned GC electrode and dried at 60 °C for 10 min in air. The homogenous thin catalytic film obtained a typical calculated Pt loading between 17 -19 µg Pt cm -2 and 24 -27 µg Pt cm -2 for PtNi 3 and pure Pt catalysts.
Cyclic Voltammetry. Cyclic voltammograms (CVs) were recorded in deaerated 0.1 M HClO 4 electrolyte under nitrogen atmosphere. To determine the Pt electrochemical active surface area (ECSA) CV were conducted in a voltage range between 0.06 -1.00 V vs. RHE with a scan rate of 100 mV s -1 . The ECSA was established using the mean integral charge of the under potentially deposited hydrogen adsorption/desorption area with double layer current corrected at 0.40 V vs. RHE and Pt pseudo-capacity of 210 µC cm Pt -2 , assuming that one hydrogen atom observed to one platinum atom.
The dealloying procedure started with three CV scans (0.06 -1.00 V vs. RHE, 100 mV s -1 ), followed by 200 CV scans from 0.06 -1.00 V vs. RHE with 500 mV s -1 and finally three CV scans (0.06 -1.00 V vs. RHE, 100 mV s -1 ). For the long-term durability experiments were performed with 10000 voltage cycles between 0.5 -1.0 V vs. RHE with a scan rate of 50 mV s -1 and with 2000 voltage cycles between 0.5 -1.5 V vs. RHE with a scan rate of 50 mV s -1 .
Linear Sweep Voltammetry (LSV). LSV measurements were performed in oxygenated 0.1 M HClO 4 electrolyte solution under oxygen atmosphere. The polarization curves were recorded by anodically sweeping from 0.06 V vs. RHE to the open circuit potential (around 1.1 V vs. RHE) with a scan rate of 5 mV s -1 and a rotation speed of 1600 rpm (rounds per minute). The intrinsic kinetic current at 0.9 V vs. RHE was corrected for mass transport diffusion limiting current between 0.2 -0.5 V vs. RHE. All activities were determined and compared at 0.9 V vs. RHE in the present paper. 
X-Ray Diffraction (XRD) Measurements
The XRD profiles were measured with a D8 Advanced X-ray diffractometer (Bruker AXS) equipped with a position sensitive LynxEye detector (PSD) and a Cu Kα source, operated at 40 kV / 40 mA. The following scan parameters were used: 2 Θ = 15° -80°, step size = 0.01°, holding time per step = 7 s, variable divergence slit = 4 mm, PSD Iris = 13 and sample rotation = 15 rpm. The crystal phase Rietveld quantification and crystallite size were established with TOPAS (Bruker AXS, Version 4-2). For the evaluation of the alloy crystallite size the integral breath method was applied. The composition of the single fcc alloy crystal phase was determined using the Vegard's law, which describes the dependence on the lattice parameters of the alloy with those lattice parameters of the single component.
Transmission Electron Microscopy (TEM) Measurements
The TEM images were acquired using a FEI TECNAI G 2 20 S-TWIN transmission electron microscopy (TEM) operated by an accelerating voltage of 200 kV. The evaluation of the TEM images occurred with analysis FIVE software (SIS, Soft Imaging Systems, Olympus) to determine the particle size distribution.
Energy Dispersion X-Ray Spectroscopy (EDS) Measurements
The EDS measurements were carried out using a high-resolution Hitachi S-4000 scanning electron microscope (SEM) with a cold field emitter and an energy dispersive X-ray spectroscopy (EDS) detector. The used setting parameters were an accelerating voltage of 20 kV, a beam current of 0.4 nA and a working distance of 20 mm. The sample composition was analyzed about a large sample range on different positions.
Results and Discussion
Structural and Compositional Characterization of As Synthesized PtNi 3 Alloy Catalyst Figure 1 shows the XRD profiles of the synthesized PtNi 3 /Vulcan XC 72R and commercial pure Pt/Vulcan XC 72R nanoparticle catalyst which were used for the synthesis of the Pt-Ni alloy. The vertical lines denote the reference powder diffraction patterns of (111), (200) and (220) reflections for pure face centered cubic (fcc) Pt (dashed lines, black) and Ni (dotted points, blue) (10). The XRD profile for Pt-Ni alloy exhibits three cubic crystal phases. The (111), (200) and (220) reflections of the alloy are clearly shifted to higher 2 Θ angles with respect to pure fcc Pt, indicating the insertion of Ni atoms in the fcc Pt lattice which leads to a lattice contraction. No reflections of pure Pt were found, in contrast to pure fcc Ni phase with very small reflections at 2 Θ = 44.4°, 51.7° and 76.2°. A quantification by Rietveld refinement showed clearly a pure fcc Ni phase below 1 wt. %. Nevertheless, the Rietveld analysis revealed that the disordered fcc Pt-Ni alloy phase was the major component: 45.9 ± 4.2 wt. %, with a crystallite size of 4.2 ± 0.4 nm. The minor fractions were the fcc Pt rich alloy crystal phase (25.8 ± 2.4 wt. %, 4.3 ± 0.3 nm) and the fcc Ni rich alloy crystal phase (28.4 ± 3.3 wt. %, 9.2 ± 0.9 nm). The stoichiometric composition of the fcc Pt-Ni major component was determined from the lattice parameter as Pt 36 Ni 64 using Vegard's law, which is close to the atomic ratio of 1:3.
The chemical composition of the as synthesized Pt-Ni alloy catalyst was analyzed using EDS. The EDS result exhibits a composition of Pt 31±1 Ni 69±1 , which is confirmed to desired atomic ratio of 1:3 for Pt-Ni and the result from Vegard's law. In addition, the mean particle size of PtNi 3 alloy is 6.4 ± 1.9 nm, obtained from the evaluation TEM images by counting for more than 400 particles. 
Characterization of Dealloyed PtNi 3 Nanoparticle Catalyst
To generate the active Pt-Ni electrocatalyst for ORR, the PtNi 3 alloy precursor nanoparticles were electrochemically dealloyed by removing of Ni atoms from the particle surface (6-9). The first and second CV profile of the PtNi 3 alloy precursor is shown in Figure 2a . During the voltage cycling the CV profile resembles more and more the characteristic CV features of a pure Pt surface, associating with the broad hydrogen ad/desorption peaks (0.06 -0.40 V vs. RHE), a double layer capacitive current plateau (0.4 -0.6 V vs. RHE) and Pt hydroxide and oxide peaks (0.7 -1.0 V vs. RHE). As guide to the eye, the inserted arrows in Figure 2a indicate the decrease of the very broad shoulder between 0.3 -0.6 V vs. RHE and at the same time the increase of the hydrogen ad/desorption regime during the voltage cycling. After dealloying, the final CV profile reached almost a steady state. Figure 2b compares the CV profiles of the dealloyed PtNi 3 and pure Pt and reveals the enrichment and covering of Pt atoms on the dealloyed Pt-Ni particle surface. To compare the dealloyed PtNi 3 nanoparticle catalyst with a pure Pt catalyst by similar mean particle size, a commercial, pure 46.7 wt. % Pt/Vulcan XC 72R catalyst was thermally treated (denoted as Pt/Vulcan XC 72R (HT)) with the same annealing protocol for the Pt-Ni alloy formation. This value is in a good agreement with , 41 (1) 1079-1088 (2011) the ECSA of 17 ± 2 m 2 g -1 for the Pt/Vulcan XC 72R (HT) catalyst by similar mean particle size.
ECS Transactions
The observed Ni loss during the voltage cycling for PtNi 3 alloy electrocatalyst is coincided with the EDS results. From the EDS results, the chemical composition changed clearly from as synthesized Pt 31±1 Ni 69±1 to Pt 56±2 Ni 45±2 .
The TEM images of the PtNi 3 catalyst show the well dispersed alloy nanoparticles supported on the carbon as synthesized (Figure 3a ) and after dealloying (Figure 3b) . Figure 4 illustrate the according particle size distributions of PtNi 3 as synthesized and after dealloying. The mean particle size shifted from 6.4 ± 1.9 nm to 7.4 ± 2.4 nm after the electrochemical dealloying. A critical observation of the particle size histograms indicates the decrease of the fraction of alloy particles below 3 nm as well as the increase of large particles. It likely relates to the dissolution of small particles and the deposition on large particles, so called Ostwald ripening (11, 12) . In summary, the dealloying procedure led to the dissolution of Ni atoms from the nanoparticle surface resulting to a Pt enriched shell surrounding a Pt-Ni alloy particle core. The mean particle size of dealloyed PtNi 3 increased at 15% due to the dissolution and redeposition of small particles (Ostwald ripening) during the voltage cycling up to 1.0 V vs. RHE.
ORR Activities of Dealloyed PtNi 3 Nanoparticle Catalyst Figure 5 shows the polarization curves of the dealloyed PtNi 3 /Vulcan XC 72R nanoparticle catalyst at various rotating speeds in oxygenated 0.1 M HClO 4 at room temperature. All polarization curves exhibit a plateau behavior in the voltage regime between 0.06 to 0.70 V vs. RHE. Here, the oxygen diffusion to the catalytic reaction center is the rate limiting process and is dependent on the rotating rate (13, 14) . The mass transport diffusion controlled regime is followed by a mixing region from diffusion and kinetic control. Above 0.95 V vs. RHE the polarization curves become independent on the rotating rate. The reaction rate is now kinetic controlled. The electrocatalytic conversion of oxygen is terminated at the open circuit potential of around 1.0 V vs. RHE. Furthermore, we determined the number of transferred electrons for the oxygen reduction reaction using the Koutecky -Levich equation (eq. 1) (13, 14) . The experimentally resulting "B Factor" was compared with the theoretic calculated for a four electron process.
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Here, j is the current density, j kinetic and j diffusion is the kinetic and diffusion limiting current density and ω is the rotating rate. The "B Factor" is dependent on the experimental conditions and includes the oxygen solubility (c(O 2 )) and the diffusivity (D(O 2 )), the Faraday constant (F), the kinematic viscosity of the electrolyte (ν) and the number of transferred electrons (n). The theoretical value of the "B Factor" for a four electron oxygen reduction process is 0.467 mA cm -2 geo. s 1/2 , using published data (15). The experimental "B Factor" of the dealloyed PtNi 3 catalyst was calculated from the slop of the Koutecky -Levich Plot, seen in Figure 6 . In result, the mean "B Factor" by various electrode voltages is 0.454 ± 0.003 mA cm -2 geo. s 1/2 . The good agreement of the theoretical and experimental values (divergence < 3%) for the "B Factor" confirmed the suitability of the dealloyed PtNi 3 as a fuel cell electrocatalyst for a direct four electron process of oxygen reduction. 3 and Pt (HT) nanoparticle catalysts. A particle size effect for ORR activity benefits can be neglected due to the similar mean particle size of the catalysts. The dealloyed PtNi 3 catalyst shows a 7 -8 times higher Pt mass based activity (j mass ) compared with pure Pt (HT) catalyst. The Pt surface area specific based activity (j specific ) of dealloyed PtNi 3 is still 6 -7 times higher than that for Pt (HT). Thus, dealloyed PtNi 3 shows considerable ORR performance than pure Pt (HT) by similar mean particle size. To examine the long-term durability of the dealloyed, highly active PtNi 3 catalyst, different stability voltage cycling tests were performed for typical and strongly corrosive fuel cell operation conditions (16, 17) . The two stability test protocols consist of 10000 voltage cycles between 0.5 -1.0 V vs. RHE and 2000 voltage cycles between 0.5 -1.5 V vs. RHE with a scan rate of 50 mV s -1 in deaerated 0.1 M HClO 4 at room temperature. The bar diagram in Figure 7 shows the Pt surface area specific based activities determined at 0.9 V vs. RHE for dealloyed PtNi 3 /Vulcan XC 72R and Pt/Vulcan XC 72R (HT) before and after the different stability test experiments. In summary, the dealloyed PtNi 3 catalyst clearly offers improved j specific activity for ORR after the similar stability test conditions compared with pure Pt (HT) catalyst. Furthermore, the dealloyed PtNi 3 catalyst exceeds the required DoE activity target 2015 (18) with RDE measurements for j specific after 10000 voltage cycles (0.5 -1.0 V vs. RHE) and is still 4 -5 times higher than the pure Pt (HT) catalyst by similar as synthesized mean particle size. In contrast, after 2000 voltage cycles (0.5 -1.5 V vs. RHE) under corrosive condition the dealloyed PtNi 3 catalyst shows almost 2 fold increase in j specific than Pt (HT).
Conclusions
In this study, we have examined the ORR activity and structure of dealloyed PtNi 3 nanoparticle catalyst and compared with a pure heat treated Pt nanoparticle catalyst by similar mean particle size. We conclude, that
• the synthesis of Pt-Ni alloy nanoparticle catalyst with atomic Pt:Ni ratio of 1:3 was successful.
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• the dealloyed PtNi 3 nanoparticle catalyst exhibits significantly enhanced ORR activity compared with pure Pt nanoparticle catalyst, a 7 -8 times higher platinum mass based activity and a 6 -7 times higher platinum surface area specific based activity than pure Pt.
• the dealloyed PtNi 3 nanoparticle catalyst shows improved durability after voltage cycling compared to pure Pt catalyst.
• the dealloyed PtNi 3 nanoparticle catalyst exceeds the DoE activity target 2015 (18) with RDE measurements for platinum surface area specific based activity after 10000 voltage cycles between 0.5 -1.0 V vs. RHE with a scan rate of 50 mV s -1 in deaerated 0.1 M HClO 4 .
